Normal organ size is achieved by successful co-ordination of cell proliferation and cell expansion, which are modulated by multiple factors such as ethylene and auxin. In our work, SlMBP21-RNAi (RNA interference) tomato exhibited longer sepals and improved fruit set. Histological analysis indicated that longer sepals were attributed to cell expansion. To explore how SlMBP21 regulates sepal size, we compared the transcriptomes of sepals between SlMBP21-RNAi and the wild type by RNA sequencing and found that the differentially expressed genes were dominantly related to cell expansion, ethylene and auxin, and photosynthesis. Downregulation of SlMBP21 affected ethylene production and the free IAA and IAA-Val intensity in sepals. Hormone treatment further indicated that SlMBP21 was involved in the ethylene and auxin pathways. As reported, ethylene and auxin were important factors for cell expansion. Hence, SlMBP21 negatively regulated cell expansion to control sepal size, and ethylene and auxin may mediate this process. Additionally, the contents of Chl and the activity of ribulose-1, 5-bisphosphate carboxylase/oxygenase, the key photosynthetic enzyme, were both increased in SlMBP21-RNAi sepals, which indicated that photosynthesis might be enhanced in transgenic longer sepals. Therefore, the longer sepal, with better protection and enhanced photosynthesis, may contribute to improve fruit set. Altogether, these results suggested that SlMBP21 was a novel factor involved in organ size control. Moreover, our study provided potential application value for improving fruit set.
Introduction
All organs will reach the right size to form the normal organism. The mechanisms by which the organ size is controlled are being continually explored in plants. Normal organ size is achieved by the successful co-ordination of cell proliferation and cell expansion, which are under tight regulation of multiple genetic factors (Horiguchi et al. 2006 , Powell and Lenhard 2012 , Hisanaga et al. 2015 . In Arabidopsis thaliana, the AINTEGUMENTA (ANT) pathway and the TEOSINTE BRANCHED1, CYCLOIDEA and PCFs (TCP)/GROWTH-REGULATING FACTOR (GRF)-GRF INTERACTING FACTOR pathway were identified as controlling cell proliferation (Powell and Lenhard 2012) . ANT was promoted by AUXIN-REGULATED GENE INVOLVED IN ORGAN SIZE (ARGOS) or repressed by AUXIN RESPONSE FACTOR 2 (ARF2) to regulate D-type cyclin CYCD3;1, which comprise the ANT pathway. TCP genes regulate GRF genes in a microRNA-mediated way to control cell proliferation, which was defined as the TCP pathway (Powell and Lenhard 2012) . In addition, octopine synthase element-binding factor (OBF)-binding protein OBP4, a DNA binding with one finger (DOF) transcription factor, negatively regulated both cell proliferation and expansion and could target CyclinB1;1, cyclin-dependent kinaseB1;1 and xyloglucan endotransglucosylases/hydrolase (XTH) genes in chromatin immunoprecipitation assays (Xu et al. 2016) . Furthermore, the Hippo/sterile20 homolog serine/threonine kinase1 can interact with MOBKL1 to control organ size in Arabidopsis (Xiong et al. 2016) . ARGOS-LIKE, TARGET OF RAPAMYCIN and BIGPETALp/ARF8 are involved in regulating cell expansion to control petal size (Varaud et al. 2011, Powell and Lenhard 2012) . Besides the genetic regulators, a mechanical feedback can regulate sepal growth via microtubules in Arabidopsis (Hervieux et al. 2016 , Maizel 2016 .
Plant organ size is controlled by internal and external signals (Mizukami 2001 , Vogel 2013 . Auxin and ethylene play critical roles in integrating these signals to control organ development. In the ANT pathway mentioned above, auxin induced ARGOS to promote ANT expression, while ARF2 repressed ANT expression. ARF2 protein can be phosphorylated by brassinosteroidactivated brassinosteroid-insensitive 2 kinase, which linked auxin and brassinosteroids together in growth control (Hu et al. 2003 , Vert et al. 2008 . Another auxin response factor, ARF8, interacted with a basic helix-loop-helix transcription factor, BIGPETALp, to control cell expansion (Varaud et al. 2011) . Moreover, auxin can stimulate a plasma membranebound proton pump, which acidifies the cell wall to activate expansins, and finally induces cell elongation (Mcqueenmason et al. 1992 , Cosgrove 2001 . Auxin induces leaf expansion by activating AtARF7 and AtARF19, mutations of which result in a decrease in leaf cell expansion (Wilmoth et al. 2005) . AuxinBinding Protein 1 (ABP1) is necessary for cell division and expansion, and loss of function of ABP1 results in embryo lethality (Jones et al. 1998 , Braun et al. 2008 . In tomato, the developmentally regulated gene 12, which belongs to the ARF family, is important in fruit cell division processes where auxin is expected to play a role (Jones et al. 2002) . SlARF9 worked as a negative regulator of cell division during early tomato fruit development (de Jong et al. 2015) . Besides auxin, the gaseous hormone ethylene is also responsible for cell growth. For example, ethylene can affect cell length in Arabidopsis root (Le et al. 2001) . The ethylene response gene, HOOKLESS 1, is involved in cell elongation by regulating auxin activity during root and hypocotyl growth (Stepanova et al. 2007 , Chaabouni et al. 2009 , Salma et al. 2009 ). The OsSNORKEL1 and OsSNORKEL2 genes, encoding ethylene response factors, can trigger remarkable internode elongation in response to deep water (Hattori et al. 2009 ). Recently, Arabidopsis ETHYLENE INSENSITIVE 2 was reported to limit cell expansion to control final organ size (Feng et al. 2015) .
The MADS-box gene family is involved in numerous aspects of plant development, such as root architecture, leaf morphology, flower identity, fruit ripening, seed maturation, abscission zone formation, and so on (Causier et al. 2002 , D. Liu et al. 2014 ). Most MADS-box genes are identified as floral organ identity genes and make up the ABCDE model, whereas there are few studies of this gene family in organ size control. A mutant of the Arabidopsis B-sister MADS-box gene, GORDITA, showed larger fruits, while overexpression of GORDITA resulted in smaller organs and shorter plants (Prasad et al. 2010 ). The tomato ripening-inhibitor (rin) mutant showed an enlarged leaf-like sepal due to the mutation of the 5 0 end of MACROCALYX (MC) (Vrebalov et al. 2002) , but how the enlargement was regulated remains unclear. According to the interaction study of MADS-box proteins, the tomato MADS-box protein 21 (SlMBP21) can interact with MC (Hileman et al. 2006 , Leseberg et al. 2008 . Moreover, SlMBP21 showed the highest expression level in sepals according to the expression pattern. Hence, we inferred that SlMBP21 might be related to sepal development. The sepal, the outermost whorl of the flower (carpel, stamen, petal and sepal, from inside to outside), typically functions as protection for the flower bud and young fruit. Normal development of the sepal is vital for successful reproductive growth. Vemmos and Goldwin's research suggested that photosynthesis of apple flower, especially the sepal, contributed to flower growth and fruit set (Vemmos and Goldwin 1994) . Therefore, it is appealing to characterize the function of SlMBP21 in sepal development. To identify the role of SlMBP21, we constructed the SlMBP21-RNA interference (RNAi) tomato and found that the sepal became longer and the fruit set was improved, compared with the wild type. Histological analysis revealed that the length alteration was attributed to the cell enlargement in the sepal. Transcriptomic analysis also indicated that the genes related to cell expansion were significantly changed. Moreover, ethylene and auxin levels showed remarkable variation in RNAi sepals. Hence, SlMBP21 may be involved in regulating cell expansion to control organ size, mediated by ethylene and auxin. Moreover, the longer sepal, with better protection or enhanced photosynthesis, may contribute to improved fruit set.
Results

Expression pattern of SlMBP21 in tomato
To investigate the roles of SlMBP21 in tomato, the expression pattern of SlMBP21 in different tissues of Micro-Tom was analyzed. The expression of SlMBP21 was found to be very high in flower, whereas it was low in root, stem and leaf. Moreover, the transcripts of SlMBP21 were moderately abundant in fruit (Fig. 1A) . The expression level of SlMBP21 in flower was approximately four times higher than that in fruit and 20 times than in other tissues. To characterize the activity of this gene during flower development in more detail, the expression pattern of SlMBP21 was examined in different floral organs including sepal, petal, stamen and carpel. SlMBP21 displayed a ubiquitous expression pattern in the four floral organs. The expression of SlMBP21 was predominant in the carpel and sepal, while it was moderate in the petal and low in the stamen (Fig. 1B) . Since the transcript of SlMBP21 was mainly abundant in flower, especially in the sepal and carpel, it can be dedued that SlMBP21 might be a potential factor involved in the development of sepal and fruit.
Down-regulation of SlMBP21 induced a longer sepal and improved fruit set
To identify the function of SlMBP21, we generated SlMBP21-RNAi lines in the Micro-Tom tomato genetic background. Positive lines were screened out from all independent RNAi lines by b-glucosidase (GUS) staining and PCR detection of genomic DNA. Then real-time quantitative PCR (RT-qPCR) was performed to check the interference efficiency of these positive lines. At least five lines showed strong suppression of SlMBP21 expression. For example, in RNAi01 and RNAi09 lines, the expression level of SlMBP21 was reduced by 92% and 97%, respectively (Fig. 1C) . Additionally, SlMADS1 shared high sequence similarity with SlMBP21 (75.96% at the amino acid level; Supplementary Fig. S1 ). Therefore, it is necessary to check the interference specifity. We found that there was no significant difference between the expression level of SlMDAS1 in the wild type and RNAi lines, whereas SlMBP21 was remarkably down-regulated in RNAi lines compared with the wild type (Fig. 1C) . Therefore, the interference was specific for SlMBP21. The above results clearly showed that RNAi plants were successfully generated and could be used for further investigation.
The SlMBP21-RNAi plants exhibited longer sepals from the flower bud stage to the mature fruit stage ( Fig. 2A, B) . We measured the sepal length from >30 independent plants of each RNAi line at different stages [2.38 mm corolla, 4.46 mm corolla, 5.98 mm corolla, 6.22 mm corolla, sepal at -2 days post-anthesis (dpa) and sepal of mature fruit]. We found that the length of sepals in RNAi plants was significantly greater than in the wild type at each stage (Fig. 2C) . As the silenced plants displayed longer sepals, the flowers and young fruits may be better protected. To verify this hypothesis, the fruit set of >30 independent plants of each line was analyzed statistically under greenhouse and field conditions. The total flowers were numbered from the first and second branch of the plants. When the flower became normal fruit, the fruits were numbered from the same branch and then the ratio of fruits to flowers was calculated as the fruit set ratio. As shown in our data, the fruit set ratio of SlMBP21-RNAi lines in the greenhouse was increased by 8.35, 15.92, 6 .92 and 14.88%, respectively, while the flower number showed no significant difference (Fig. 2D, E) . In the field experiment, the fruit set ratio of SlMBP21-RNAi lines was also increased by 8.73, 10.76, 16 .18 and 12.09%, respectively, and there was no significant difference between the flower number of wild-type and SlMBP21-RNAi lines (Fig. 2F, G) . In consequence, down-regulation of SlMBP21 resulted in longer sepals and improved fruit set, which indicated that SlMBP21 might be associated with sepal development and fruit set. ) at different stages. S1, 2.38 mm corolla; S2, 4.46 mm corolla; S3, 5.98 mm corolla; S4, 6.22 mm corolla; S5, -2 dpa bud; S6, mature green fruit. Scale bar = 1 cm. (C) Sepal length at different stages. More than 30 sepals of each line at each stage were measured. There was asignificant difference between the wild type and RNAi lines. RNAi01: S1, P < 0.01; S2, P < 0.01; S3, P < 0.05; S4, P < 0.05; S5, P < 0.01; S6, P < 0.001. RNAi09: S1, P < 0.01; S2, P < 0.001; S3, P < 0.01; S4, P < 0.001; S5, P < 0.001; S6, P < 0.001. P-values were determined by t-test. (D-G) Statistics of fruit set in the greenhouse (D, E) and in the field (F,G). *P < 0.05; ***P < 0.001 (t-test).
Transcriptomic analysis of sepals between
SlMBP21-RNAi lines and the wild type
Transcriptomic analysis was performed to investigate the molecular mechanism of SlMBP21-regulated control of sepal size. After RNA sequencing, 21.55 million and 25.49 million reads were obtained from the wild type and RNAi lines, of which 86.30% and 87.53% reads could be mapped to the annotated tomato genome, respectively (Fig. 3A) . When transcriptomes were compared with the wild type, 2,377 differentially expressed genes (DEGs) were detected in SlMBP21-silenced plants. Among the DEGs, 1,643 genes were up-regulated and 734 genes were down-regulated (Fig. 3B, C) . The top five genes in the up-regulated DEGs were two pistil extensin-like protein genes (Solyc02g078100, 3,197.22-fold; and Solyc02g078050, 1085.74-fold) , one unknow protein gene (Solyc09g065090, 1265.42-fold), one class I heat shock protein gene (Solyc06g076540, 976.5-fold) and C-repeat-binding factor 4 (Solyc03g124110, 939.61-fold) (Supplementary Table S2 ). The top gene, Solyc02g078100, is associated with the Gene Ontology (GO) term structural constituent of cell wall (GO: 0005199), which is defined as the action of a molecule that contributes to the structural integrity of a cell wall. Moreover, Solyc03g124110 encodes a CBF protein, C-repeat-binding factor 4, which is related to ethylene. The top five down-regulated genes were one protein kinase gene (328.56-fold), one serine/ threonine protein kinase gene (224.41-fold), one EARLY FLOWERING 4-like protein gene (187.40-fold), one o-methyltransferase-like protein gene (160.90-fold) and one unknown protein gene (152.22-fold) (Supplementary Table S2) .
Of the DEGs, 1,629 genes were assigned to three categories, biological process, cellular component and molecular function, based on the GO assignments. Further categorization resulted in the identification of 91 GO terms [false discovery rate (FDR) < 0.05] (Supplementary Table S3 ). The top five enriched GO terms were 'catalytic activity' (38.00%), 'transferase activity' (13.81%), 'DNA binding' (9.88%), 'oxidoreductase activity' (6.88%) and 'transcription regulator activity' (6.69%) (Supplementary Table S3 ). Biological process was focused on photosynthesis and light harvesting, and protein-chromophore linkage ( Fig. 3D; Supplementary Fig. S2 ). Alterations of cellular components occurred primarily in the chloroplast thylakoid, PSI and PSII ( Fig. 3D; Supplementary Fig. S3 ). Chl binding and transcription factor activity were significantly changed according to molecular function analysis ( Fig. 3D ; Supplementary Fig. S4 ).
Furthermore, 96 Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways were detected, of which 14 were significantly enriched (P < 0.05) ( Table S4) .
To validate the accuracy of the RNA sequencing data, 27 genes related to cell growth, hormones and photosynthesis were selected for RT-qPCR analysis ( Fig. 5 ; Supplementary  Fig. S5 ). There was a good correlation (R 2 = 0.9819, P < 0.0001) between the two methods ( Fig. 5) , indicating the high reliability of the RNA sequencing data obtained in this study.
According to the results of DEGs, GO assignment and KEGG pathway analysis, it can be revealed that cell expansion, auxin and ethylene pathways, and photosynthesis were influenced in SlMBP21-RNAi sepals.
SlMBP21 negatively regulated cell expansion to control sepal size.
The normal growth of cells defines the organ size. Hence, we observed the epidermal cells of the sepal in RNAi lines and wild type by histological analysis. The cell size in the RNAi sepal became larger than that in the wild-type sepal in the sections (Fig. 6A, B) . The cell number (per unit view) was clearly decreased, while the cell area were remarkably increased in RNAi sepals, which indicated that the cells were enlarged (Fig.  6C, D) . Thus, cell enlargement or abnormal cell expansion may contribute to longer sepals in RNAi lines and therefore we continued to analyze the genes related to this biological process.
According to transcriptomic analysis, the expressions of genes related to cell expansion were significantly changed in SlMBP21-RNAi sepals ( Table 1; Supplementary Table S5) . Among the DEGs, there were 10 XTH genes, one xyloglucan galactosyltransferase gene, seven pectinesterase inhibitor (PEI) genes, three pectin lyase-like protein genes, two pectinacetylesterase-like protein genes, one pectinesterase (PE) gene, nine cellulose synthase genes and one glycine-rich cell wall structural protein 1 precursor gene, which were up-or down-regulated from 148.06-fold to 2.04-fold (Table 1; Supplementary Table  S5) . These genes were key factors involved in cell wall metabolism, which is important for cell expansion. In addition, four extension/extension-like protein genes, four expansin/expansin-like protein genes, two long cell-linked locus protein (LCLP) genes and one cell elongation protein gene (DHCR24) shown remarkable variation (from 3197.22-fold to 2.05-fold) ( Table 1; Supplementary Table  S5 ). These genes were vital for cell wall assembly and organ development.
The expression of XTH16, XTH26, PE-3-like, PEI, expansin A10, LCLP and DHCR24 was checked by RT-qPCR and the results coincided with those of the RNA sequencing analysis ( Fig. 5;  Supplementary Fig. S5 ). Consequently, the alteration of expression of these cell expansion-related genes induced cell enlargment, which may contribute to longer sepals in RNAi plants. Therefore, SlMBP21 may negatively regulate cell expansion to control sepal size.
Silencing of SlMBP21 affected the ethylene and auxin level in sepals
Hormones always serve as the crucial regulators of organ development. Ethylene and auxin play critical roles in integrating developmental signals to control organ size. The DEGs related to these two hormones showed remarkable variation in SlMBP21-RNAi sepals ( Fig. 7 ; Table 1; Supplementary Table  S5 ). The majority of these genes were related to ethylene, followed by auxin ( Fig. 8A ; Supplementary Table S5) .
Among the DEGs, there were 21 ethylene synthesis-related factors and 54 ethylene response-related factors ( Fig. 7 ; Supplementary Table S5) . Ten 1-aminocyclopropane-1-carboxylate synthase (ACS) genes were all up-regulated from 118.42-fold to 3.31-fold (Supplementary Table S5 ). Of the 11 1-aminocyclopropane-1-carboxylate oxidase (ACO) genes, eight genes were up-regulated (from 4.08-fold to 2.03-fold) and three genes were down-regulated (from 12.82-fold to 3.56-fold) ( Supplementary Table S5 ). Furthermore, 47 ethylene-response factors were up-regulated (from 441.38-fold to 2.04-fold), while seven ethylene-response factors were downregulated (from 4.23-fold to 2.27-fold) (Supplementary Table  S5 ). To confirm the result of RNA sequencing analysis, we employed RT-qPCR to compare the expression level of ACO1, ACO5, ACS1A, ACS6, ethylene-responsive transcription factor D.3 (ERFD.3), ERFD.4, ERF1a, ERF1, ERF6 and ERF7 between RNAi and wild-type sepals, and these genes showed change consistent with the RNA sequencing analysis ( Fig. 5;  Supplementary Fig. S5 ). In addition, the ethylene production of sepals was notably decreased in SlMBP21-RNAi sepals, compared with the wild type (Fig. 8B) . The rate-limiting enzymes, ACSs and ACOs, control ethylene synthesis. The final step of ethylene synthesis is limited by ACOs (Bleecker and Kende 2000) . In our data, ACO5 was the most decreased ACO gene. Our colleagues' work (unpublished) demonstrated that ACO5 was related to the ethylene pathway during fruit senescence in tomato. Hence, down-regulation of ACO5 may be responsible for the decrease in ethylene in SlMBP21-RNAi sepals. The alteration of expression of ACO genes may interrupt ethylene synthesis and result in a decrease in ethylene. The up-regulation of many ACS genes and ethylene response-related genes may be a feedback to the ethylene decrease (Kende 1993 , Merchante et al. 2013 .
Simultaneously, there were 30 DEGs related to auxin, of which 20 were up-regulated and 10 were down-regulated ( Fig. 7 ; Table 1; Supplementary Table S5 ). The expression ). **P < 0.01 (t-test).
of these genes was altered from 20.72-fold to 2.03-fold, including 15 auxin-responsive protein genes (GH3 genes, SAUR genes, ARF genes, IAA3, etc.), two auxin efflux carrier protein genes (PIN-LIKE-3 and PIN-LIKE-3 transcript variant X1), eight auxin-induced protein genes, two auxin-repressed protein genes (AR1 and AR2), one auxin-regulated protein gene (ARP), one auxin-binding protein gene (ABP19a-like) and one SCF E3 ubiquitin ligase complex F-box protein gene ( Fig. 7; Supplementary Table S5 ). ARP, PIN-LIKE-3, AR1, AR2 and ABP19a-like were validated by RT-qPCR and the result was consistent with the RNA sequencing analysis result (Fig. 5) . In addition, the intensity of free IAA was increased by 0.58-fold and 1.32-fold, and the intensity of IAA-Val was increased by 3.68-fold and 11.85-fold in RNAi01 and RNAi09 lines, respectively, compared with wild-type sepals (Fig. 8C, D) . Consequently, silencing of SlMBP21 influenced auxin efflux, signaling and content in sepals.
To verify whether SlMBP21 was associated with the ethylene and auxin pathways, we applied the ethylene precursor ACC (1 mM) and the auxin transport inhibitor NPA (N-1- naphthylphthalamic acid, 10 mM) to wild-type and transgenic seedlings. Interestingly, without treatment, the hypocotyls of transgenic seedlings were clearly longer than those of wild-type seedlings (Fig. 9A, B) . With ACC treatment, the repression of hypocotyl extension in transgenic lines was weaker than in the wild type. Moreover, transgenic hypocotyls with ACC treatment were as long as those of the wild-type control (Fig. 9A, B) . Hence, it can be inferred that SlMBP21 played a role in the ethylene pathway. Moreover, NPA treatment also repressed hypocotyl extension, but the repression in the transgenic line was weaker than in the wild type, which indicated that SlMBP21 was involved in the auxin pathway (Fig. 9A, C) . According to these results, SlMBP21 was associated with the ethylene and auxin pathway.
Previous research has demonstrated that ethylene and auxin were responsible for cell expansion (Stepanova et al. 2007 , Hattori et al. 2009 , Varaud et al. 2011 , Powell and Lenhard 2012 , Feng et al. 2015 . In this study, we found that cell expansion and the expression of the genes related to cell expansion were both affected, and the auxin content, ethylene production and the expression of the genes related to these two hormones were influenced in SlMBP21-RNAi sepals. Moreover, hormone treatment indicated that SlMBP21 was associated with the ethylene and auxin pathway. Thus, the alteration of ethylene and auxin levels in sepals may result from the down-regulation of SlMBP21. Consequently, SlMBP21 negatively regulated sepal size, and ethylene and auxin may mediate this process.
Down-regulation of SlMBP21-RNAi influenced photosynthesis in sepals
According to the GO assignment and KEGG pathway analysis, the DEGs were significantly enriched in the photosystem (Figs. 3, 4 ; Table 1 ; Supplementary Figs. S2, S3, S4 ). Of the DEGs involved in photosynthesis, 107 genes were up-regulated (from 73.03-fold to 2.01-fold) and 43 genes were down-regulated (from 20.53-fold to 2.03-fold) (Supplementary Table S5 ). There were 14 PSI-related genes (PSI protein, psa; light-harvesting complex of PSI, LHCA), 25 PSII-related genes (PSII protein, psb; light-harvesting complex of PSII, LHCB) and 111 chloroplastic/chloroplastic-like protein genes (Supplementary Table  S5 ). Further, we selected eight genes, i.e. the heme-binding protein gene (HEME), LHCA4, LHCB2, LHCB3, LHCB7, psaN and psbS, to verify the RNA sequencing result by RT-qPCR. As a result, these two methods exhibited coincident results ( Fig. 5;  Supplementary Fig. S5 ). Consequently, the photosynthesisrelated genes were regulated in SlMBP21-RNAi sepals.
In addition, we detected the Chl contents, which were clearly greater in RNAi sepals than in wild-type sepals (Fig. 10A) . Moreover, we measured the activity of ribulose-1, 5-bisphosphate carboxylase/oxygenase (Rubisco), the key enzyme related to photosynthesis, and found that its activity in transgenic sepals was dramatically higher than in the wild type (Fig. 10B) . Hence, photosynthesis might be enhanced in SlMBP21-RNAi sepals. Vemmos and Goldwin's research suggested that photosynthesis of apple flower, especially the sepal, contributed to flower growth and fruit set (Vemmos and Goldwin 1994) . Hence, transgenic longer sepals with enhanced photosynthesis may contribute to improved fruit set.
Discussion
The MADS-box transcription factors play various roles in plant development (Causier et al. 2002 , D. Liu et al. 2014 . SlMBP21 belongs to the SEPALLATA subclade, which includes another two members, RIN and SlMADS1 (Hileman et al. 2006) . RIN and SlMADS1 play crucial roles in regulating tomato fruit ripening and their function was dependent on ethylene (Vrebalov et al. 2002 , Dong et al. 2013 . Although SlMBP21 shared high sequence similarity with SlMADS1 on the amino acid level, they play different roles in tomato development. Previously, SlMBP21 was reported to regulate the development of the pedicel abscission zone in tomato cv. Zhongshu-4 (D. . As in our study, the pedicel abscission zone was suppressed in SlMBP21-RNAi tomato cv. Micro-Tom ( Supplementary Fig. S6 ). In addition, we observed that SlMBP21-RNAi plant displayed longer sepals and improved fruit set, compared with the wild type (Fig. 2) . The expression pattern of SlMBP21 indicated that the transcripts of this gene predominantly accumulated in flowers, especially in the sepal and carpel, compared with other organs (Fig. 1B) . Therefore, SlMBP21 might be involved in sepal and fruit development, which is consistent with the phenotypes. Herein, we analyzed the novel role of SlMBP21 in controlling sepal size.
Silencing of SlMBP21 induced longer sepals in RNAi plants, which indicated that SlMBP21 might negatively regulate sepal size. Mutation of MC, which belongs to the APETALA1 subclade, resulted in enlarged sepals (Vrebalov et al. 2002 , Hileman et al. 2006 . Nevertheless, how MC regulates sepal development remained unclear. As reported, SlMBP21 protein can interact with MC protein (Leseberg et al. 2008 , D. Liu et al. 2014 . However, the expression of MC was not affected in SlMBP21-RNAi sepals (Fig. 1D) . Hence, these two genes perhaps act in different ways to regulate sepal development, which will be further analyzed in the future. Herein, we discuss the potential mechanism of how SlMBP21 regulated sepal size.
Histological analysis showed that the epidermal cells in SlMBP21-RNAi sepals were larger than in wild-type sepals (Fig. 6) . Furthermore, the data analyzed from the transcriptome indicated that the genes related to cell expansion, such as XTH genes, pectin lyase, cellulose synthases, expansins and extensins, exhibited significant change (Table 1;  Supplementary Table S5) . To adapt to the expansive forces, the plant cells selectively loosen the cell wall, a strong fibrillar network consisting of xyloglucan, pectic polysaccharides, cellulose and structural proteins (Cosgrove 2001) . In SlMBP21-RNAi sepals, nine XTH genes which were responsible for wall loosening and were required for cell expansion (Fry et al. 1992) were up-regulated. Moreover, 14 genes related to pectin degration, which were involved in cell wall metabolism (Cosgrove 2005 , Wolf et al. 2012 , were expressed differently in SlMBP21-RNAi sepals. There were nine DEGs related to cellulose synthesis, which played roles in depositing cellulose in either primary or secondary walls in Arabidopsis (Somerville 2006) . In addition, the expression of expansin/expansin-like and extensin/extensin-like genes showed significant variation, and these genes were vital for cell wall assembly and organ development (Cho and Cosgrove 2000, Cannon et al. 2008) . Notably, as reported, overexpression of SlMBP21 resulted in noticeably smaller cells at the proximal section of pedicels compared with the wild type (D. . Consequently, it can be inferred that SlMBP21 negatively regulated cell expansion, which thus induced the alteration of sepal length.
Organ development is regulated by different phytohormones, which manipulate appropriate cell division and cell expansion. According to transcriptomic analysis, the genes related to ethylene were expressed differentially and, correspondingly, ethylene production was clearly decreased in SlMBP21-RNAi sepals, compared with the wild type (Fig. 8B ). There were 75 DEGs related to ethylene, including 21 biosynthesis processrelated genes (118.42-fold, the maximum fold change) and 54 response process-related genes (441.38-fold, the maximum fold change). For example, the ACO-like protein gene 2-oxoglutarate-dependent dioxygenase (ODD) was up-regulated by 3.85-fold ( Fig. 5; Supplementary Table S5 ) and, as reported, SlODD (formerly LeODD) was expressed in the initial period of cell expansion to control tomato early fruit development and might be involved in hormone biosynthesis (Ohta et al. 2005) . Furthermore, ethylene can inhibit the expansion of petal abaxial subepidermis cells and thereby inhibit petal expansion in rose , Pei et al. 2013 ). Moreover, ethylene was important for promoting cotton fiber elongation by regulating sucrose synthase, tubulin and expansin genes (Shi et al. 2006) . Ethylene was reported to influence cell expansion by regulating XTH and EXPANSIN7, which resulted in cell wall loosening and root hair initiation in Arabidopsis (Sánchez-Rodríguez et al. 2010) . Taken together, it can be seen that the biosynthesis, signaling and production of ethylene were affected in SlMBP21-RNAi sepals, which may promote cell expansion and lead to longer sepals.
In addition, as an important hormone in plant development, auxin played important roles in cell expansion (Mcqueenmason et al. 1992 , Jones et al. 1998 , Cosgrove 2001 , Braun et al. 2008 , Powell and Lenhard 2012 . In our work, the intensities of free IAA and IAA-Val were increased in SlMBP21-RNAi sepals, compared with wild-type sepals (Fig. 8C, D) . Moreover, the expression of auxin-related genes, involved in the processes of response and efflux, showed prominent variation ( Fig. 7; Supplementary Table S5 ). In Arabidopsis, ABP1, ARF2, ARF7, ARF8 and AFR19, which are involved in auxin signaling, played important roles in controlling organ size (Jones et al. 1998 , Wilmoth et al. 2005 , Braun et al. 2008 , Varaud et al. 2011 . Furthermore, in tomato, the Developmentally Regulated gene 12 and ARF9 participated in the regulation of cell size during fruit development (Jones et al. 2002 , de Jong et al. 2015 . Hence, it can be seen that the variation of auxin might be responsible for the cell expansion in SlMBP21-RNAi sepals. ACC and NPA treatment repressed hypocotyl extension in both SlMBP21-RNAi and the wild type (Fig. 9) . However, the suppression effect on SlMBP21-RNAi was weaker than on the wild type (Fig. 9) , which indicated that down-regulation of SlMBP21 influenced the ethylene and auxin pathways, and SlMBP21 might be associated with these two hormone pathways. The alteration of the ethylene and auxin level in sepal may result from the down-regulation of SlMBP21. Therefore, we inferred that SlMBP21 negatively regulated sepal size, and ethylene and auxin may mediate this process.
It was interesting that the expression of photosynthesisrelated genes was notably affected in SlMBP21-RNAi sepals. Moreover, the Chl content and Rubisco activity were clearly increased in RNAi sepals compared with wild-type sepals (Fig.  10) . Previous research has revealed that MADS-box genes played roles in regulating photosynthesis. For example, mutation of Floral Binding Protein 2, a SEPALLATA-like MADS-box gene, caused green corolla segments and induced obvious alteration of photosynthesis-related gene expression levels in petunia flower (Matsubara et al. 2008) . Overexpression of the birch FRUITFULL-like gene, BpMADS4, influenced photosynthesis in poplar (Hoenicka et al. 2008) . BpMADS, an AP1-like gene from birch, was reported to regulate chloroplast development and affect photosynthesis in transgenic tobacco (Qu et al. 2013) . Therefore, SlMBP21 may have a role in regulating photosynthesis. Moreover, ethephon and IAA treatment significantly affected the expression of photosynthesis-related genes, which indicated that photosynthesis might respond to ethylene and auxin ( Supplementary Fig. S7 ). Therefore, the enhanced photosynthesis may result from the alteration of the endogenous auxin and ethylene level in SlMBP21-RNAi sepals. Interestingly, the expression of SlMBP21 was also influenced by ethephon or IAA treatment ( Supplementary Fig. S7 ), which further verifies that SlMBP21 was involved in the auxin and ethylene pathways. The exact relationship among SlMBP21, auxin/ethylene, sepal size and photosynthesis is fascinating but still not clear. We will study this important relationship in our future work. In addition, the fruit set was improved in SlMBP21-RNAi tomato (Fig. 2) , which may benefit from enhanced photosynthesis (Bazzaz et al. 1979) . The cross-sectional area of the vascular bundle was larger in RNAi sepals than in wildtype sepals (Fig. 10C) , which may adapt to transport more nutrients for fruit set (Ruan et al. 2012) . However, the molecular mechanism of how SlMBP21 regulates photosynthesis and fruit set is still unclear, which will be investiged in further work.
In conclusion, SlMBP21 negatively regulated cell expansion to control sepal size, and ethylene and auxin may mediate this process. The longer sepal, with better protection and enhanced photosynthesis, may contribute to improvement of fruit set. Our work not only analyzed the potential mechanism of SlMBP21 controlling sepal size but also provided application value for improving fruit set of tomato.
Materials and Methods
Plant materials and growth conditions
Tomato plants (Solanum lycopersicum, Micro-Tom) were grown in a greenhouse with the following conditions: 25 C for 14 h in light, 20 C for 10 h in dark, 250 mmol m -2 s -1 light intensity, 80% humidity. Seedlings were grown in halfstrength Murashige and Skoog culture medium in a culture chamber under the same conditions as above.
The tomato tissues including roots, stems (6 weeks old), leaves (6 weeks old), inflorescences and mature green fruits were harvested for the analysis of gene expression patterns. Different floral organs, including carpels, stamens, petals and sepals, were acquired from -2 dpa flowers. All samples were immediately frozen in liquid nitrogen and then kept in a refrigerator at -80 C before use.
Plant transformation
To construct the RNAi vector, 186 bp specific sequences of the SlMBP21 gene were inserted around a spacer of the GUS gene in pCAMIBA2301 driven by a Cauliflower mosaic virus 35S promoter. The primers are listed in Supplementary Table S1 . We generated transgenic plants via Agrobacterium tumefaciens-mediated transformation. The seeds of T 0 lines were screened in half-strength Murashige and Skoog medium with kanamycin (100 mg l -1 ). Then PCR detection of genomic DNA and GUS staining were performed to verify the presence of T-DNA insertions in various RNAi lines. Homozygous lines of the T 2 generation were used for the following experiments. The repression efficiency of SlMBP21 was detected by RT-qPCR analysis in RNAi plants. To check the interference specificity, the expression of SlMADS1, a homolog of SlMBP21 (75.96% sequence similarity on the amino acid level), was tested by RT-qPCR.
With respect to GUS staining, RNAi leaves were incubated with GUS staining solution (0.1% Triton 5-bromo-4-chloro-3-indolyl-b-D-glucuronic acid; pH 7.2, 10 mM EDTA) at 37 C overnight. After staining, samples were decolorized using a series of graded ethanol solutions. Genomic DNA was extracted by a Plant Genomic DNA Kit (CWBIO) according to the manufacturer's instructions. The screening of positive lines by PCR used genomic DNA as template, 35 s-F/ LOOP-F as forward primer and 21-RNAi-S-R/21-RNAi-R-F/Nos-R as reverse primers. The primer sequences are listed in Supplementary Table S1 .
Real-time quantitative PCR analysis
The total RNA from -2 dpa sepals was extracted by a QIAGEN RNeasy Plant Mini Kit and purified by the RNase-free DNase set (QIAGEN) according to the manufacturer's instructions. cDNA was synthesized from 1 mg of total RNA via the TAKARA Reverse Transcription Kit. RT-qPCR was carried out following the Bio-Rad protocol in a Bio-Rad CFX96 real-time PCR detection system. Relative expression levels were calculated based on the 2 -ÁÁC T method. The primer sequences used for RT-qPCR are listed in Supplementary Table S1 .
Histological analysis
Sepals (-2 dpa) were fixed in formalin-acetic acid-alcohol solution (50% ethanol, 5% acetic acid and 3.7% methanol) for 24 h. Dehydration was performed in a series of ethanol solutions with increasing concentration (30, 50, 70, 85, 95 and 100%) . Xylene was used for transparentizing tissues. Then samples were embedded in paraffin. Sections of 5 mm thickness were cut with a microtome. The sections were dewaxed in xylene, rehydrated in ethanol solutions with decreasing concentration (100, 95, 85, 70, 50 and 30%) , and then observed under a Motic-Optic B5 microscope.
The epidermises were torn off from the sepals and spread on a slide. Resinene was used for sealing the slide, which was observed under a MoticOptic B5 microscope. Cell number was counted in each unit view (3 mm 2 ). Cell area was calculated from the ratio of the area of unit view and cell number.
Measurement of ethylene production
More than 100 sepals (-2 dpa) from each line were placed in open 25 ml jars for 2 h to minimize the effect of wound ethylene caused by picking (M. . Then the jars were sealed and incubated at 25 C for 1 h, and 1 ml of headspace gas was injected into a Varian CP3800 gas chromatograph equipped with a flame ionization detector. Samples were compared with reagent-grade ethylene standards of known concentration and normalized for sepal weight.
Measurement of auxin content
Samples (-2 dpa sepals) were prepared using a modified procedure . Briefly, 100 mg of sample powder was extracted with 1.2 ml of cold 70% aqueous methanol at 4 C overnight. Then sample extracts were analyzed by a LC-ESI-MS/MS system (HPLC, Shim-pack UFLC SHIMADZU CBM30A system, www.shimadzu.com.cn; MS, Applied Biosystems 4500 Q TRAP, www.appliedbiosystems.com.cn). The HPLC conditions were as follows: Waters ACQUITY UPLC HSS T3 C18 column (1.8 mm, 2.1 mm Â 100 mm); solvent system, water (0.04% acetic acid), acetonitrile (0. 
Hormone treatments
Seeds were sterilized and grown on half-strength Murashige and Skoog culture medium containing 1 mM ACC or 10 mM NPA and then cultured in the dark at 25 C for 7 d. The hypocotyl length of >20 seedlings was measured for each culture.
Ethephon solution (0.2 mM) and IAA solution (50 mM) were sprayed on 4-week-old plants, separately. Then leaves were sampled at 0.5, 1, 2, 3, 6, 12 and 24 h after treatment.
Detection of Chl content
The fresh sepals from -2 dpa flowers of each line were cut into small pieces and then 0.1 g samples were soaked in 2 ml of extraction buffer (acetone : ethylene : water, 4.5 : 4.5 : 1, by vol.) for 12 h in the dark at room temperature. The absorbance was determined at 645 and 663 nm by a T6 New Century UV spectrophotometer (PGENERAL). Total Chl content was calculated with the following equation (Arnon and Whatley 1949) : total Chl content (mg g -1 ) = (20.29 Â A 645 + 8.05 Â A 663 ) Â V Â FW -1 Â 10 -3 . A 645 is the absorbance determined at 645 nm; A 663 is the absorbance determined at 663 nm; V (ml) is the volume of extraction buffer; and FW (g) is the fresh weight of the sample. Three independent experiments were performed for each sample.
Analysis of Rubisco activity
Rubisco activity was measured using a modified method . Briefly, 0.1 g of sepals was homogenized on ice with 1 ml of extraction buffer (buffer A: 50 mM Tris, 0.1 mM EDTA, 15 mM MgCl 2, pH 8.0; 10% glycerol). The whole extract was centrifuged at 4 C for 45 min at 12,000 Â g. The supernatant was incubated in buffer A containing 20 mM bicarbonate for 5 min, and then buffer A with 0.2 mM NADH, 1 mM ATP, 5 mM dithiothreitol (DTT), 5 U of phosphoglycerate kinase and 5 U of glyceraldehyde-3-phosphate dehydrogenase, and 1 mM ribulose 1,5-bisphosphate was added. The oxidation rate of NADH was detected at 340 nm by a T6 New Century UV spectrophotometer (PGENERAL). Rubisco activity (nmol min -1 mg -1 protein) = [ÁA Â V 1 7 (e Â d) Â 10 9 ] 7 (V 2 Â C) 7 T. ÁA, is the difference of absorbance; V 1 is the total volume of the reaction system; e is 6.22 Â 10 3 l mol -1 cm -1
; d is optical path of the quartz cuvette; V 2 is thge sample volume; C is the protein concentration; and T is reaction time.
RNA sequencing analysis
The total RNA from -2 dpa sepals was extracted using a QIAGEN RNeasy Plant Mini Kit and purified by the RNase-free DNase set (QIAGEN) according to the manufacturer's instructions. RNA sequencing was performed by Novogene Institute. Briefly, mRNAs were enriched through beads of oligo(dT) and converted into double-stranded cDNA. Then cDNA was digested with NlaIII and ligated with Illumina adaptor 1 at the 5 0 end of fragments. Then, Mmel was used to digest the fragments and Illumina adaptor 2 was ligated at the 3 0 end of fragments. The library preparations were sequenced on an Illumina Hiseq 4000 platform and 150bp paired-end reads were generated.
After filtering and transforming, clean reads were mapped to the reference genome. The reference genome and annotation files of the gene model were downloaded from the genome website browser (http://ensemblgenomes.org, Ensembl) directly. Indexes of the reference genome were built using Bowtie 2 (http://bowtie-bio.sourceforge.net) (Langmead and Salzberg 2012) and pairedend clean reads were aligned to the reference genome using TopHat 2 (http:// ccb.jhu.edu/software/tophat) (Kim et al. 2013) . Bowtie uses a BurrowsWheeler transformer algorithm to map reads to the genome, and TopHat can generate a database of splice junctions based on the annotation files of the gene model and thus achieve a better mapping result than other non-splice mapping tools.
HTSeq v0.6.1 (Anders et al. 2015) was used to count the numbers of reads mapped to each gene. After removing genes with low counts (removing if the mean count is <10), the read counts were adjusted by the edgeR package program (http://www.bioconductor.org/packages/release/bioc/html/edgeR. html) (Robinson et al. 2010 , McCarthy et al. 2012 ) through one scaling normalized factor. Genes with an FDR < 0.001 and jlog 2 (fold change)j > 1 found by edgeR were assigned as differentially expressed.
GO terms were identified by the web-based tool agriGO v2.0 (Tian et al. 2017) . The hypergeometric test was applied to analyze functional significance when all DEGs were mapped to terms in the GO database. KEGG was employed to identify significantly altered pathways via KOBAS 3.0 (http://kobas.cbi.pku. edu.cn/anno_iden.php) (P < 0.05). Cluster analysis was performed with the pheatmap package(version 1.0.8; https://cran.r-project.org/web/packages/ pheatmap/index.html) in R (Kolde 2012) .
